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LBETRACT 


A study has been made of the angular distributions ob- 

ae in the (a,a) and (a,a") interactions on L16, CL®, and 
The M.I.T. cyclotron was utilized to obtsin the 31,.5~- 

Mev alphe particles used in the bombardment of these tarzet 

wateriaie. Separetion of the aloha particles from other prod- 

ucts of the alpha induced reactions was accomplished by the 

use of a particle selection technigue developed at the eyclotron 

Lsboratory. This equipment permitted the deteetion of groups 

of inelastically seattered sipha particles whieh were ldentig- 

fied with known levels of excitation of the target nuclei. 


Inelestic engular distributions were obtained for the 
following interactions: 


ra °(a,at) Lie @ 2 «£18 Mey cl (a, at)ch** G = 7,68 Mey 
11°(a,at) Li ie w-4,.5 Key ue®* (a, at)uge® G = ~1,37 Mev 
ca atyct* ¢ = 4.43 Mev Me’ *(a,a?)Mg™® & = 4,12 Mev 
The experimental results are snown te be in agreement with the 


—~ distributions sredicted for a direet surface interaction 
model, 


The anguier distributions of alphe particles elestically 
scattered by £16, cl, and natural Mg were also obtained, These 
data lend supp ort te the increasing evidence that the nuclear 
elastic scattering of charged purticles ean be inierpreted in 
terms of an optieal model represented by a complex seattering 
potential. 


In addition, it was determined that the excitation of iso- 
topic spin prohibited Levels in 148 and in N2@ occurred with e 


probability of less than about 5 percent that observed in the 
excitation of isotopic spin allowed levels of the same nuclei. 
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Gietribution 
Angular positions of mex 
inelastic sipha perticle anguler distributions compared 
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fmagulear positicns of the maxims ob 
Scattering angulir distributions ewmperead vith those 


predicted for elastic scattering from an opeque 


Sphere « 


Angular positions of the maxima observed im the elastie 
scattering angular dlatributions compsered with those 


predicted for elastic seattering from a square well 
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it hes long been recogniret tnat «a direct experimental 
study of the seattering of charged particles by atomie nue 
elei provides s valuable source of information concerning 
the foree fielé of the nucleus (51). Subsequent to the 
elasgical investigations of Nutherford (Rl) end Geiger und 
Marsden (G5), the alpha particles from radloeetive substences 
were used intensively in atudying this and other nuclear 
properties (Bf, 83, DL). A&A renewal of interest in the seat 
tering of alphs perticles has been occasioned by the high 
energies to which they may be accelerated in the various 
types of particle accelerators. The stable 31.5=Mev high 
intensity eliphsenarticls beam, recently obtained at the 
M.I.T. cyclotron, has proven to be of great velue in extending 
the scope of these investigztisons. 

the primary object of this experiment is tu obtein ine 
formation concerning the inelastic seettering process. ele 
atively little date are availeble cuncerning the (4,24*) 
interaction dus to the experimental difficvities involved. 
The presence of elastically seattered aloha particlas, as 
well ae the reaction products from the (a,p), (a,d), ane 
(a,t} interactions, mekes identification of the inelastically 


scattered particles a major problem. This difficulty is 
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overcome by the use of a perticle selection technique 
developed by Aschenbrenner (41). After sudteble choice of 
target seterial (see Jee. TLIC), thie technicue parmits the 
observation of separate alpha particle groups, exch of which 
ean be identified with « specific level cf excitation in the 
target nucleus. The angular distributions of the inelasti~ 
celly seattered alphs perticles can then be compared with 
thoes predicted by a theoretical trestment ef the scattering 
DrOCcesSSe 

Nuclear interactions were, until recently, generclly é¢- 
seribet by the compound nucleus model for nuclear reactions. 
This model vas emphasized by Sohr in 1956 and has since been 
verified for a large clagsa of nuclear reactions. It is a= 
sumed thet when a target nucleus is bombarded by # charged 
perticle, the two eoslesce to form a compound nucleus in a 
state of excitstion determined by the energy of the bombard- 
ing particle. A strong interaction between all the nucleons 
in the compound nucleus is assumed; the incident particle 
loses its independent identity ond the total energy of the 
excited compound nucleus is shared in some vey by all the 
nucleons present. It is postuleted thet the properties of 
the comzoun? nucleus are indepentent of the moge of formation. 
Dissociation cen occur in e grent number of ways and compe 


tition emong the various modes of dissoci#tion does not 
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denend on the manner in xhich the compound nuclcus was 


forzec. Recent evidence hss indicated that nuclear eacita- 


G 


ticn may occur by processes whien do not involve the forma- 


tion of a compound nucleus. The results of the present ex» 


fe. 


periment are not compatible with any “nown theery based on 
the compound nucleus interection model. 

Three interaction models are currently used to deserihe 
the excitation of atomic nuclei which results from a bomberd- 
ment by charged particles (P£). 

1, The statistier1 theory for nuclear reeetions was 
proposed in 1940 (w4) and numerous sxperiments were designed 
to test ite wnlidity. Kany of these experiments sup vorted 
the theoretical predictions (B32, B4, De). However, numerscus 
reports such as those compiled by Cohen (C1) have disclosed 
Siserepencies which sre not explained by the etatisticel ape 
proach. This theory, whose model is the formation of @ com 
pound nucleus, predicts engulor distributions which are syne 
metric about 9 degrees in the center-of-mass ceordinstes 
(43) if: 

(a) the excitation Levels of the compound nucleus 
are 60 closely spaced thet they may be treeted 
Statisticaily or, 

(b) the levels are so widely separated that only 
one excitation level in the compound nucleus 


ie involved in the interaction. 
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In certain soecial circumstances, the angular cistribution 
need not be symeetric about BR degrees in reeetions involving 
fornation of a camrvound nucleus, 

2, & second model (H4, M3) is used to deseribe a reaee 
tion in which the target nucleus is excited through en elece 
tromagnetic interaction with the incicent charged particle, 
The theery predicts angulsar distributions whien depend on 
the energy of the incident particle and the multipole order 
involved in the transition. 

3. As early as 195 it was proposed (MS) that a model 
involving «a direct interaction at the nuclear surface could 
be used to explain some of the experimental results which 
were not exslained by elther of the preceding theories. This 
comeept was used with some succese in studying the angular 
distributions obtained in (n,p) and (n,a) reactions. The 
theory (44) is anelogous to the deuteron stripping calcula} 
tions of &. T. Butler, and predicts the differential eress 
section for a reaction in which the residusl nucleus is axe 
cited to es specific level. The angular distribution of the 
reaction products depends on the angular momenta and parity 
Of initial and final levels of the residusl nucleus. This 
direct interaction model, with certain modifications, has 
been used by others (85, Cf, Gl, HY) in explaining experimen- 


tal results which sre not in agreement with the compound 
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nucleus or electric excitatiun rolels. vetcent ev 
a direct intersetion in the inelestic seettering orocess iz 

I eh , —- . 
illustrated in the re" (np pt) Fe” Gata obtained by G. Echrankz 


et al. (Sf). The inelastic alohe=pirticle engulir distribue 
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ions obta: n tne present investigation give atrong supe 

tions obtained in the present investizeati ive strong : 

pert to the direct interaction srocess of nucierr excitation. 
The properties of two of the nuclei chosen for investi- 


test of th 


fa 
vS 


enpeilicability 


2 


gation in this exneriment pernitted 
of the isotopic spin seleetion rule in the (a,a') intersetion. 
One of the conclusive verifications of the charge indecendence 
of nuclear forces is the validity of this seleetion rule in 
nuclear reactions (45). Since the alshe particle end the 


La eli heve T = QO, seceording to 


ground levels of Li® and ¥ 
the isotopic spin selection rule the low-lying T = 1 levels 
of these nuclei should not be exeited anjreciably. The probe 
ability of excitation of these forbidden levels is compared 
experimentally with the probebility for excitation of the 
allowed levels in the seme nuclei to obtain @ measure of the 
validity of this selection rule. 

The angulsr cistributions of alpha carticles @¢lastically 
seettered by 11°, a. and natural Mg were also obtained in 
this investigetion. Numerous experiments nave been cerformed 
to observe the elastic seattering of siphe particles by light 


nuclei (87, F3, R4, ¥5). Devietions from covlombd scattering 
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at angles greater than about J. degrees were noted in these 
Gate but no anelyses of the observed structure were ettompteade 
The anguler distributions of elasticslly seattered protons 
(F3) exhibited a structure suggestive of # diffrection phenom 
enon. Using the optical model for nucleon scattering and fol- 
lowing the method of Feshbach et al. (Fs), a theoretical ene 
gular distribution was obtained (Fi) which compared favorybly 
with the experimentsl deta. Eeeent progress in interpreting 
data (B6) obtained in the elastie seattering of alphr particles 
from heavy nuclei (Fl, *23) has revived an interest in the 
elastic seattering by light nuclei. Liffraction patterns 
obtained in the elastic scattering of elpha particles by 

light nuclei heve been compared with the diffraction of light 
by an opacue dise (Bl, TY!) and b, en opaque sphere (FS). In 
the present investigatior., the elastic alphaeparticle sngue 
Lar distributions also exhibit a structure similar to thet 
Which occurs in optical diffraction, These experimental re- 
sults are compared with the diffraction of light b en oneque 
Sphere and this interszction model is shown to be consisten 
with the model employed to describe the inelastic scattering 
data. It is also shown, however, thet the elastic angular 
distributions are not incompatible with the theoretical cre= 


éictions for scattering by a squere well potential. 
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A. CYCLOTRON AND EMERGENT BEAM 


The high-energ, alghs particles used in these experiq- 
ments vere produced in the M.I.T. cyeletron (Li) by seeel- 
epating coubly ionized helium atoms to an energy of approxi 
mately 21.5 Mev, The eyelotron is surrounded by 4-foot thick 
eonerete walls which act as e radistion shield for versonnel 
and reduce the background rediation in the seattering chamber. 
The seattering chamber is located in an adjacent reom whieh 
has £~foot thick concrete walls providing protection from 
radiation crigineting in the chember. By means of » focusing 
magnet located in the main cyclotron vault, the external team 
is directed into the seattering chamber through « tube which 
pasees through the walls of the main vault. This tube con- 
teins & series of tantalum baffles toe prevent emall angle 
scattered particles from resening the target, and a defining 
ang antiscattering slit systen gt the scattering chamber ene 
trance, #fter passing through the target, loceted at the 
eenter of the seattering chamber, the beam terminates in the 
Faraday cup in the beem cutener, The adjustsble focus magnet, 
remotely controlled from the outside area, is set fer maximum 


beam current in the Feredey cup a8 meesured by a sensitive 
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microsmmeter. The focusing, system oroduces at the center of 
the trrget a spot which is 1/4 in, wide ant 5/16 in. high. 
ane foil changer contains « series cof «luminum absorbers 
which ean be inserted in or rewovedc from the baam oath by 
remote control, when it {8 desirable to very the beam energy. 


& sehematic diagram of the cycletron and seattering chamber 
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B. SCATTERING CHAMBER 


A photograph of the seattering chamber, previously deo 
seribed by Haffner (H1), is shown in Fig. *. The gain fea« 
tures of this chember sre: 

1. The chamber contains mounting arms for two counters. 
Bach arm can be rotated from U degrees to +178 degrees, with 
am securney of #0.1 degree. This provises versatility in 
thet the arrangement is excellent for particleey coincidence 
measurements and for angular correliution studies. 

se The target holder hes a capecity of four end can be 
retated through 386) degrees. Terget cholee and angular posie- 
tion czn be controlled ramotely fror the outside area, The 
terget hol¢er can be reised into the bell jar hydraulicelly, 
in which position the seasttering chamber is sealed off, end 


completely isoleted from the bell jar. Tergets can bs changed 
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without effeeting the seettering chanber vrewwm. In addition, 
an evaporstor is conteinsed in the tell fer permitting térgets 
to be meade and subsecuentily bombarded without exnorure to air, 
3e The angular position of counter arms and target is 
measured by bridge cilreuits which contain precision helicets. 
This provides the positioning seecureecy; of U2) degree vreviocugly 
pentioned, 
4. The engular cosition of counter arn or terget end 
the choice of target can be controlled remotely from the oute 
Side ares. in addition, these functions can be cortrolled 
from within the scettering chember vault end the plexiglas 
windows permit vigual observation of the sesattering chamber 


interior. 


C. BEAM MONITOR 


The beam monitor consists of a scintillation csunter 
mounted in a port, at an angle of 45 degrees from the incident 
beam, between the scattering chamber and the beam catcher. 

At this point a thin gold foil is fixszed in the beam at an 
engle of 45 degrees, so that only perticles seetterea 45 
degrees by the gold foil are “seen" by the monitor counter, 

Turing the conduct of this sxperiment, the monitor dis- 


ectminator was set sc that the monitor sealer only counted 


‘i 


Pe eh eaoltrer¢ene ee gulévetta Ivutti-nw 
afeaeet priest bevey Sat Cle’ edo af semintoes Of Goteyouave Of 
stile 64 etveneas toetedy bebtadesd (ifiweveedvy fne wham oc 09 
et Sega? Sow eee wehew’s Yo self lang telogne oT «ft 
sadogtled culsivese eletaes f2day stiowtte eattrd yo boneaet 
qauctvery wrnpe® 1.5 Je yosmeod gataotetony we eehivey aie 
/honalgane, 
Ack JoR78! Ge ove TePmrty Ve Wolttee, talagas edt 
040 #22 most Cietoped WtdTyEraeo oF Gee Peqies To solndn 
bellorvieds ed Gam SeOtoem) axed: .soldiiee of = fants 
gala bert) we kee soe vedas gabvedeeoe ate otitis 5 
‘Sedrets suntvetioepe eco Le cadfevivevo lavely 7 heaeg 
















AOTIRGM MamA 


earmieo maisellitoioe » le abelemee toffnog aed amt 
peeuboat en? ant) gowrget 4) te Alone ee a4 (Poe 8 at 
vteddia> ceed wai rs tahuada pcitediews 312 weewl—e0 

oe de ceed wie ob Beet) 82 LoOt Diep alae & dated 4 

Ab aetesdics eofettven Vino tmtf on yeerzzeh Ob Ye 
sUePeume Tedinam wit go “ome? pte Clot Sieg ed? Uo ane 
S25 TOF knoe ent ghemetienae tA03 29 toubnen end gatos 
Sefreres (ler these Ye inoe ene Pedr Ce tea cow cOradiang 





the elastic slphs perticles sesttered at 46 degrees by the 
gols foil. The optics of this counter is similar te thet 
deseribed by Stoddart ent Gove (21). The seintillation 

eounter consists of s Dumont 6f91 shotomultisilier tube and 


@ plastic® scintillator. 


D. PARTICLE SELECTIVE COUNTER 


it is a well established fact that the specific energy 
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loss in traversing matter of a nonrelativistic heavy perticle 
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hs 
be 


of e@ given energy is dependent upon its mass. if expression 


3 


for the Specifle energy less given by Livingston ani Sethe 


(LE) can be written 


‘ = s ad_go"8i in (A) 


where ce, “, and © are the cherge, mags, and energy of the 
ineident particle, Hz and 7 are the number of electrons per 
em? and the everage excitation sotential of tne atom of the 
material traversed, end mis the eleetron miss. For 2 given 
Substance, KN, Z, m, end @ are constant and the Llegarithm 

ters is practically constant over the energy range under cone 
sideration. Therefore to a good asnroximatior, for nonrela- 


tivistiec particles the above can be written 
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%® Pilot "Bt ~ Pilot Chericals, Inc., 47 Felton Ctreet, 


walthag, 2 EG~e 
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where EK varies only slightly with energy. Than, af beth 
dfi/dx and the total energy E sre xnewn, the wass ™ of the 
particle cen be determined, 

A particle selection technique has been devised by 
Aschenbrenner utilizing tne above orincirles. Tha detector 
consists of two geintillation counters, stech using « Dumont 
6221 photomultipiijer tube (Fig. 3). Yhe first erystal is a 
thin plestic (Pilot "B") seintillator whieh weasures the 
indtisl1 specifie flonization of the incident perticles. ‘YVhe 
second is « thalliweecetivated godium iodide erystal whieh 
messures the remaining energy cf the particles after traverg~ 
ing the thin scintillator. ‘The pulse height from the first 
photomultiplier is proportional to @di/dx since all serticles 
traverse the same thickness of plastic seintillstor. <After 
amplification end pulse shaping, sulsesa from the two seintil- 
dators are added electronically te give 2 resultent puise 
height proportional to the initial total energy £ of the ine 
cident particle. The 4@/dx and tetel energy © pulses are 
than multiplied electronically to give an cutput pulse pro- 


portionsl to 
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Theoretically then, these prodvct pulses should occur 
in the ratio of 1:2:3:16 for incigent protens, deuterona, 
tritons, and alpha particles of the shme emergy. Dur to 
the nonlinear response of the plestic and eodius iodide 
scintillators, and cther effects not cungidered in the ape» 
proximations made, the observed ratio of pulse heignts de- 
vViates somewhat from this theoretical ratio. Hexever, since 
these pulses ere used oniy to identify the reaction products, 
the deviations do not interferes with the particle selection 


teehnicus. 


Be SLECTRORICS 


The functions and overeall methed of operetion of the 
electronic equipment will be deseribed for completeness. A 
Getailed description of tre electronic components including 
circuit diugrens has previously been deseribed by Aschenbrenner 
(Al). 

Pulses from the two photomultipllers feed directly into 
e@thode followers (#1) mounted on the counter arm in the 
Seattering chamber. The output signals are then fed to pre-e 
ag@plifiers ioceted in the seattering chember vault. These 


three-etage preamclifiers invert the signals end the pulses 
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are then conducted to the electronic aunaratus located et 


." 


Sd 


the outside exserimental area. Here, efter fuitehle pulse 
shaping and linear amplification, the two vuteut pulses 

are added electronically. This is acevmolishned by feeding 
the pulses into the grids of « double triode end mumercoging 
the plate currents through a cempun plate resister. ‘The 
adder output pulse is then fed to one side of the pulse 
multiplier. Tne shaped amplified pulse from the vlastic 
scintillator provices the seecand input to the multiplier. 
Multiplication is accomplished by a & * & erray of matched 
G6BK6 tubes whose characteristics are such that the plate oute 
put pulses sre proportional to the product of the vulses fed 
into the two grids over a range of uv to 15.5 volts. FPheto- 
tube high voltage and amplifier gain must be such that the 
muitizlier inputs do not exeeed this range. Ths wultinlier 
output then consists essentially of pulses of three heights 
eorresponding to the alpha particles, Geuteruns, and protons 
entering the counter. 

The information obtained from the particle selective 
ecunter is displayed on an oseillostope to permit visual obe 
servetion during adjustment of electronic components. The 
Multiplier outout pulses, proportional to aM, are fed through 


&@ single channel pulse height analyzer and «a coincidence 
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amplified Nel seintillator pulses, preportional to narticle 
energy, provide tne input to anetnhner single chanmel pulses 
height analyzer, then feed through the coincidence cirenuit 
to the <4 axis input. The coimeidence circuit ensures treat 
only those counts are registered which result from oulses 
eccurring simultaneously at the two analyzer inputs. In 
eddition, the coincidence pulses operate a trigger cireuit 
which operates the intensifying control in tne oscilloscone, 
Thus @ perticle which traverses the plastic scintillator and 
is stonpred in the Kal ecrystel registers 68 a momentary spot 
on the ogeilleseone face, the Y sosition indicating the mass 
ana the X position the energy of the perticle, 

By visual observetion of the oscilloscope face, the wine 
@Gew width and bias of the sulse height analyzers can be set 
to exclude all but particles of a given mass, or ail but 
particles of «& given energ; spread. This, of couree, incluces 
the possibility of counting all particles of a giver: mass and 
any energy or particles of any mass but with en energy which 
lies in a specific energy interval. Figure 4a 1s 5 shoto- 
graph of the crcilloseope face showing the mass and energy 


if target under bome 


spectrum of particles emitted from a C 
bardment by 31.8-Mev alphs pnarticles, observed at an angle of 


17 degrees from the direction of the incident beam. The proton 
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ssectrum appears as a low-energy continuum with four dis= 

tinguishsble high¢r-energ,; groups of which the highest is 

the most intense. Three separete deuteron groups end four 
#@ll separated alphs-particle groups are seen. 

Yhnen the bias level sna window width of the analyzer fed 
by the multiplier are set to exclude all but pulses due to 
flpha particles, the spectrum sppears as shown in Fig. 4b. 
This energy spectrum is then gcanned using a method in which 
@ Single channel pulse height analyzer performs the function 
of & fUechaonel cevice. By use of an external battery box, 

& bias range, chosen to include the desired range of pulse 
heights, is epplied to a voltage divider consisting of iv 
precision resistors. The window width of the enalyser fed 

by the fal scintillator is then adjusted to a value agproxt- 
mately 10 sercent greater than ons-twentieth cf the blag range 
chosen. This ensures 4 slight overlap in seanning the energy 
Spectrum. A relay, actuated by the output from the moniter 
counter sealer, then steps the analyzer window through the 

20 individual bies voltege increments in turn, the number of 
pulses corresponding to euch pulse height intervel being 
counted in separate registers. The monitor scaler cnly ecunts 
the alohs particles elastically seattered at 45 degrees by a 
eold foil. Thus by using the monitor sealer to actuate the 


etepping relay we ensure that eee: of the 20 biae increments 
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4 proton 
groups 


proton 
eontinuum 


reference point 


3 deuteron 4 alphsa-perticie 
groups groups 
Fig. 4a. Photogrenh of oscilloscope presentation of mass-energy 
©) 
speetrum of particles emitted from « ci target bom 
berded by 31.5—Mav alphe perticles. 


Pige 4b. Energy speetrum of alpha perticles, shown in Fig. 4a, 
obtained by proper edjustment of bies voltage of 
multiplier pulse height enalyzer. 
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is observed for the same length. of time in terms of total 
number of particles in the inciwent beam. This automtically 
eompensates for changes in intensity of the bean during a 


siven observation. The experimental assembly of eculsment 
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iegiown funetionsally in the bloek dlagram of Pig. & 


Lil. PRELIMINARY CoNSLDERSTIONS 


kk, BEAM ENERGY DETERMINATION 


&# 1.4—mil thick netural lithium target was plseced in the 
seattering chamber perpendicular to the bees. The perticle 
selective counter was then used to identify the two sreton 


LU 


groups resulting from the réaction Li ‘(a,p)Be L & =F. 86 
Mev and Li '(a,p)Ber°™  * =5.94 Mey. It was experimentally 
observed thst the intensity of these two grouss varied cone 
sicgerably with angle and that the ratio of intensities was 
smallest et about 28 degrees. The counter was then set at 
£8 degrees and wes used to subtain the energy spectrum of 
protons efter they pess throvgh an aluminum ebsorber pleced 
in front of the counter aperture. A linear yvulse generator 


wes used to calibrate the single chennel pulse height analyzer 


Since zero bias on this analyzer does not correspond to zero 
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pulse height, fnpeetre ineluding these two proton peeks 
were teken using aluminum absorver of thicknesses 774 ng / om” 
amd 330 mes 

if we define By and - as the energies of the protone 
ineident on the Nal(Tl) erystal from the ground and first 


x" 
Le respectively, then the beam energy 


excited levels of Be 
ean be determined by the retio B,/e Bince this ratio varies 
with beam energy £8 shown in Fig. G The beam energy wee 
measured ef frequent intervals and the G4 measurements ohe 
tained approximate a normal distribution about 31.6 Mev with 
4] measurements falling inside one standard deviation. The 


error aasisned in the energy detery: tion includes the 


straggling effect in the absorbing material traversed, 


Be ER ERGY RES LUTION 


Since the particle selective detector cunsiats of tw 
scintillation counters it seemed advisable to determine the 
highest resolution ettainable with the NaI(Tl) erystel and 
then te determine the effect cof introducing the slastic 
scintillator. The plastic scintillator was removed end the 
counter positioned at en angle of 30 degrees with the been, 
& freshly cleaved Kal(Tl) crystal wes used and extreme care 


Was teken so that the crystal nad gix rerfectly cleaved sides 
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BEAM ENERGY MEASUREMENT FROM 
PULSE SHEGr | RAO OF PROTONS 
FROM THE REACTIONS 


Li’ («,p) Be! and 
i” («,p) Be 


IO * (3.37 Mev) 


1.4mil Notural Li Target 


Incident 
a Particle eS ee oe 
Beam ~~ 28° 


Protons fram> <4 Al Absorber 
L1"(«,p) Be’ ond ~~ _- Plastic Seintiliatar 


Li%a.p) Be* Reactions ~ “f 28.0mg/cm2 
330 mg/cré Mj 
Al Absorber 


| 88mq/em2 Nol Crystal 
Al Fouls 


274 mg/cmé Al Absorber 
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Beam Energy (Mev) 


= 
B 
a 
oO 


Number of Measurements 








woahy 


= 


with nu visible imperfections of any sind. @ thin (0.2 

wn/ om”) fold foil target vas then positicned at an angle 

of 15 degrees with the bees to minimize the target thicknees 
effect on regolution. By use of the linesr pulser, the wines 
dow width of the Hal pulse height analyzer was set to & mini~ 
mum Value which still gave a definite overles, and the analyzer 
was calibrated over the f0-ehennel range. The energy speetrum 
of alpha particles wes tnen taken and the highest attaineble 
resolution (full width at half maximum) was found to be 1.7 
percent. The plastic seintilletor was then placed in position 
in the counter end the spectrum wes taken again with identical 
electronic equipment settings. Under these ideal conditions 
Gf target thickness, target angle, and minimum window width, 
the best resolution attainable was found to be 3.6 percent. 

A working resolution of 4 percent wes assumed which was 


{frequently verified during Subsequent ¢xperimental work. 


C, TARGET CHOICE 


The 4-percent energy resolution of the ecuipment imne- 
diately placed a limit on the mumber anc charecteristics of 
the target nuclei to be studied. First of all, the excitation 
energies of the levels to be investigated must be known, The 


targets should not consist of compounds but of a single element. 
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Lhe presence of hyurogen cuntehination wes perndiasible, 
however, since the elastic seattering of @iphna particles 
from hydrogen dees not oceur et isaberatory angles grester 
than 14,5 degrees. 

Sinee it was desired to investigate at least two excited 
levels in each nucleus, the first four energy levels must 
be separated at least by about 1.¢ Mev in order that they 
might ve resolved. <Alsv, Gcevending on the relative positions 
of the excited levels of tne stable lsetopes, sume targets 
must consist of a single isotope to permit resolution of the 
inelastic alpha-particle groups. In addition, the isetopie 
epin of some of the levels must be known since it was desired 
to cheek the validity of the Isetopic spin selection rules 
in these interactions, with these restrictions in mind, the 


az 14 4 
y 4 ° 


nuclei chosen for investigation vere Li’, C » enc Mg 


D. TARGET PREPARATION 


kll targets were 12/8 in. by 11/8 in. in size, self- 
supporting, free of any tecking material end were mounted in 
eluminum target frames. It wus experimentally determined 
that a thickness of from 1.0 to 7.0 mile, depending on the 
target nucleus, gave the best conpromise bet~een an acceptable 


regolution and good counting statistics. Thinner targets 
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would increase the statistical errors in «a reasonable counting 
time and thicker targets made resolution of the separated 
serticle groups less acecurete. 


™ 
£4 , —_ 
Le Mg. This was the siapiest target to obtain anc 


as 


prepare. A foll of 1.5 mils thickness, 93.& ,ercent sure 
wagnesius was commercizily obtained.® ‘Surface oxidation wags 
removed by lapring in jeweler's rouge and the completed tare 
get wae either kept uncer vacuum or in « dry atmosphere. The 


aS au 


pereent ebundance and level structure of the Mg nd Me™ 
is such that their presence in the terget wes of no conge~ 
cuence in this experiment. 

ie nie. The seperated isotope wes obtained from the 
Atomic Energy Commission in a pure metellic form. Targets 
ef 1.0 to 1.4 mils thickness were formed by rolling the lithium 
between sheets of thin aluminum using a set of micrometer~ 
controlled rollers. The metericl was rolled under dried 
Bujol to prevent oxidation from exposure to alr. The Sujol 
wes removed by imeersion in guccessive baths of thoroughly 
G$ried maphths after which the lithium target was keptin a 
high vacuum, The targets maintained a bright metallic luster 


througheut their use indicating the absence of oxidation, 


* Magnesium foll obtained from A. U. Mackay, Ine., 196 


Broedwey, Kew York 36, h. Y. 
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3. C°, The negligible percentage ebumaence 
permits the use of natural ecserpen; however, the problem of 
preparing « contenminant-free self-supporting thin sheet of 
earpbon of the size required was quite troublesome. Using 
a pair of hardened steel dies in &@ 4u-ton press, it was 
possible to form 7.S-mil targets frum e special speetroscepic 
arpaphite sowder.* The resolution obtained with these tare 
gets was relatively peor and they were discarded, 

After experimenting with several differant colloidal 
greohite disversivns, the "Deg Ko. 154"** was found to be 
Guite setisfactory, end self-supporting tergets of from 0.3 
to 1.5 mils were prepered. Deg No. 154 consists of colloidal 
graphite dispersed in eleohel with « particle size cf 1 micron 
Gr less anc a solic content of lsss then 10 percent. Eo cone 
taminant was experimentally observable using targets crepared 
from this materiel in the following manner. 

(a) The colloid is further diluted by the addition 
of two parts eleohsl (isopropanol). Using an 
artist's air brush with a fine nozele*** and «a 
* Svecial graphite speectroscosic powder (suitable for 
yelleting) obtained from National Carbon Company. 
et «Pag dispersion obteined from zeheson Colloids Ca., Pert 
uron, Michigan. 
WAS Paasche type H air brush and HS nozzle obteined from 5. 


Le Mekepesce, Inc., Boston, Mess. 
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30 gsi suprly of dry nitrogen, the selution 
16 Sprayed gu aS t.: uniformly cover the face 


Of a wirror on which a thin film of detergent 


se 


has been goplied and thoroughly dried. The 

uixy nitrogen couses the highly volatile Licuie 
to solidify almost on contact and with practice, 
uniform layers of slmost any desired thiexness 
cen be obtained, 


au infrared neat lamp is used te thoroughly dry 


(b) 


oe 
« 


x 


the layer ana then the mirror is immersed in 
water. The thin layer separstes from the mirror 
floating to tne surface of the water, Tne fila 
is traneferred directly te a terget frame and 
dried under a neet lamp efter which it is ready 
for use. 
4s a, This was the only terget material used xhich 
eould not be cbhtaitned in pure form, The substance with the 
highest nitregen eccontent suiteble for use as a target was 
found to be a melamine formaldehyde resin "Melmac 404%* 
Which is a filler—free thermal setting plastic. It was in~ 
pessible to mould this material to less then 6 mile thick- 
ness because the powder would set before sufficient pressure 


% Obtained from American Cyanamid Company, Resexrch Division, 


Stemford, Conn. 
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could be applied. Lornever, severgl pieces uf 4-mil thicxnese, 


resulting from the “flasn™ ovtained in a bar mould, were lasped 
down to uniform thicknesses varying from 1.5 to °.0 miis using 


various sbrasives.* 


Be CUOUNTHZR GERU ANGLE DETPRMINATLUN 


A 0. f=m¢g/en” gold terget was positioned serpendicular to 
the bean, the angular position being determined optically. 
Yith the cyclotron set to produce a steady beam in the sext- 
tering chamber, the energy spectrum of aloha particles scate 
tered by gold was taken. This measurement was repeated at 
1.6 degree intervels us the counter was rotated from en angle 
ef eprroximately £5 degrees to 48 degrees on ench side of the 
assumed direction of the beam. The intensity at each angular 
setting, as determined by the area under the elastic neck, 
wes then plotted sgainst the setting of the ivOU-division heli-+- 
pot which determines the enguler position of the esunter. The 
intersection of the curves taken on gach side of the assumed 
beam direction thus loceted the setting corresponding to zerc 
angle as shown in Fig. 7. This measurement was repeated at 
frequent intervels during the conduct of the experixent. 
® Obtained from the Plusticse Leboretory, Nations] Bureau of 


Standards, Washington, b. C. 
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A. iIDEATIFICATIUE UF ALPHA PaATIC waive 


The theory end method of operation of the particle 
selective counter were outlined in tec. Lib. There is ne 
difficulty in sepereting the alpne particles from the sro- 
tons and deuterons resulting from the bombardment, Figure 
@a, b, and ¢ show the complete mass-energy sp@ctra of pare 


‘s 


ticles resulting from the 31,.5—-Meyv siphe particle bombardment 


of i®, cl® 


, and netureal magnesium respectively. Figure Ya, 
b, and ¢ shows only the alphe perticle spectre, obtained by 


proper setting of ths bias level of the pulse hnelght enalyrer 


fed by the plastic seintillstor. The energies of the seperated 


9 


élpha-particls groups must be determined in order tu identify 
them as being associated with « given level of exeitetion in 
the target nuclei. 

the bias level of the plastic scintillator analyser is 
set to exclude all but alphe particles, as shown in Pig. %. 
4 blas level and window width, chosen to include at least two 
alphe-particle groups, is set om the Nal(T1) pulse height 
énalyzer. The energy nulse height spectrum of the alphaepare 


ticle groups is then taken with the counter set at a forward 
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angle chosen such that the intensity reviv of the groups is 
senil. The target is then resleced by » gold foil of ate 
proximately equal thickness, in mg/em", end the elestic peak 
of the alpha particles scattered by gold is obtained, 41th 
no chenge in electronic settings, the effective lu chennels 
of the Nal(T1) single ehennel eansiyger are calibrated using 

@ linear pulse generstor. The resultent positions of the 
QBlphe-particle groups, on # linear voltage seale, then cor- 
respond to the energies of the slvha particles at the wal (TL) 
crystal. «ith the beam energy Hnown, @nd assuming that the 
interaction occurs at the center of the target, the energy 
of the elphe particles elastically seattered by gold at the 
angle of the counter can be cumsuted, Hy use of rangea-energy 
curves, the resultent alphe-psrticle energy at the Nal(T1) 
erystal is obteined and the energy callbretion of tha effece 
tive £0-channel analyzer is eceomplished. Than by extranolse 
tion through xnown renge-energy reletionships, the centereof- 
target energies of the unidentified ealpha-narticle groups may 
be found and the groups identified with unewn levels in the 
terget nucleus. Figure 10 shows the result of such a ealibrae 
tion in the case of ua”, The computed energies of the slsha 
particles from the ground, first, anc thire levels of n° ell 
agree within © pereent with the calibration agseinst gold. 


Pigure 10 also shows that excitation to the seconc excited 
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Level has an extremely dow prubvbiiity of eceurrence. 
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B&B. ARGULSKR DISTHIRUTIUN MESSUNCADET. 


7° Ghtein an angular distribution one must measure the 
mumber of alphas varticles of e given energy, corresponding 
to «= specific excitation level of the target nucleus, seat 
tered into unit selid angle at a given aean engle, over « 
specific angular renge. All engulear distribution measure 
ments were mace with the target norms! set at en angle of 4h 
Gegrees with tne incident beam, Thin permitted observetion 
of the entire forward quadrant without the nmeceesity of roe 
tating the target. with the blas level of the plestic seine 
tilleator pulee height snalyzer set to exclude sll but alphe 
particles, a& shown in Fig. 4b, the bies voltage range wes 
ehosen so that the resulting spectrum would include two peane. 
AS an example, intensity measurements of the alonaeperticle 
groups corresponding to the elestie and first excited levels 
vere included in one bias range. The peek corresponding te 
the firet excited level was also ineluded in the intensity 
measurement of the group corresponding to the next higher 
excited level, etc. Thie afforded «a continusus check on the 
reproducibility of the measurement, on the iinearity over 


the bias range, and on the stability of the window width. 
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ferly in the experiment £1 wee fount thet the intensitles 
ef the sepersted elohe-perticle groups varied reciély with 
angie. To ensure thet none of the structure wes missed, ine 
tensity measurements vere made et enguisr intervels of 2.8 
degrees (5 helipot units). To prevent errors due te pulse 
pile-up in the muiticlier cireuit at excessive counting rates, 
regulting from the rapidly ineressing intemsity of elastic 
@lphe particles et forward angles, the incident beem inten- 
sity had to be decressed to a very low value (€< &.G001 mieroe 
ampere). As 6 resuit, one to three hours of steady cpersation 
were required to obtein & statistically significant cross 
section measurenent at a forward angle. at large angles, 
where the scattered intensity wes greatly decressed, consider 
eble time was aise required to aeecunmulate statistically accepe 
teble dats. To ensure proper matehing of curves to meke ur 
the total anguler distribution, ell partial curves obtained 
on different runs vere matched over an angular region of at 
least 8 degrees, chosen so thet the intensity permitted a 
rapid acewaulation of data and the intensity variation with 
angle produced & well defined meximum or minimum to facilitate 
the matching. 

4n initial energy spectrum, containing the desired alpna- 
particle group, was run with the counter set at an angle of 


30 degrees. The spectrum was then taken at intervals of 1.4 
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degrees as fer forward 4s cossible without hoving the perticles 
enter the counter so paricdtiy thet oulse pile-up oreeurred. The 
limit wes determined to b@ 1000 pertioles oer second for a 
taximum sceenteable counting error of 1 sereent. The esunter 
was then revositioned at 30 degrees ané the spectrum verified 
with the initial measuresent. Then the spectrum wes taken at 
interveis of 1.8 degrees as the angle was ineressed to a valua 
where the lowered intensity of the sexttered group neeessitated 
an ineresse in incident beem intensity. The nower Level of 

the cyclotron was then raised, the counter rotated & degrees 
forwaré to ensure a mateh with the previous date «ét the old 
eyclotren power level, end the measurements continued. The 
angle of observation was increased in this way witil the en. 
eray of the alphe greup umier chservation had decreased ta a 
point where the peax could no longer be detected or until the 
time required for the collection of statistically aceaptable 
Gata was considered excessive. The cyclotron power leyal was 
then decreased until the intensity wes well below the initial 
Value, scectrum wes again ehecked at su degrees, end the fore 
ward angle measurements were made, decreasing the inclient 
beam intensity as necessary and requiring a smten of the curves 
at wach nev porer level. In eddition to the numerous checks 

at 350 degrees and the matecning over a Okdegree range, the 


spectrum was also frequently checked at various angles on the 
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tae wero eugile determination praviousaly desecrived and Lesured 
thet no particlas were scattered inte the aperture Prom th 
asymmetric small angle sesttering 
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amgular distritution was taken at ie@ast two times and the 
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positions of maxime und minima were verifies 
additionel times for eech distribution, 
when the data for a complete angular distribution hed been 
ebtainad, the counts recorded in the cu registers were slotted 
versus bias voltage for each angle of observation seni the arees 
under the peaks corresponding ta the identifled elpoha-perticie 
groups were texen a8 a measure of thelr relative intensities. 
Tne areas under the peaks were measured, after graphical resolue 
tion where necessary, using & polar planimeter. 
the cross=-natched arese shown in Figs. lu-1l corregoond 
to the relative intensities of the indiested groups at the 
angle specifiec. The relative intensities were thus obtained 
ag a function of laboratory angle, These Gate must be corrected 
for two effects before they are subject to comparison with any 
theoretical interpretation. Cince the solid angle subtended 
by the counter in the particle or center-of-miss coordinates 
@iffers from the angle subtended in ths laboratory coordinates 
and also veries with angle, the chserved intensities must be 
corrected for this effect. In addition, the angles cof cbeervee 


tion must be transrosed from the laboratory tc the center-of-mass 
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tributions are thus obteined after the Zete heve been cer 

{> . ' & #5}. nn. fo % & dee ‘ n 
reetead for these effects. The relative intensity meesurenents 


are converted to on absolute differential cross section by the 


method described in the following sectlon. 


Ge CROLS EECTIGR MOASUASH GTS 


Ag deseribed in See. 11C, the bean moniter consists of 

& plastic secintilletor which observes only the perticles seate 
tered at an angle of 45 degrees with the incident ocean by a 
thin gold foil. The biss level of the monitor canter is ade 
jJusteé so that it counts only those pulses of « height core 
responding to the elastically seattered alpha particles. Sinee 
the monitor counter does not measure the alpha-particle bean 
Gireetly, the differential erose sections were determined by 
comparing the intensities of the observed alpha-perticlea groups 
with the intensity cf the alshe particles elastically scattered 
by a gold terget. Reeent experiments (WE, ©3) heve shown that 
the elastic seattering of energetic alpha particles from heavy 
elements agrees with the coulomb differential cross section 
(Rl) at small engles. The angular distribution of 31.5=Mev 
@lohs particles elastically sesttered from gold was taken over 


an angular range of from 14.8 degrees te Gu degrees, and 
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Accordingly, ail intensity comparisons vaed te determine 
jvsolute dcifiverential eross seetiuns were meus et engles 
smaller than U degrees. 

AR @nergy spectrum Which incilusds tae Cesirecd aipna~ 
particie group wes texen at en wngle of tu degrees as deseribed 
in Sec. IVD. The target wnder investigation wes then replaces 
by a gGid foil of approximately the sume thickness im Mn/om . 
This itimitetion on the toiexmegs of the goin Coll ie necesq- 
sary for two reasons. The width ef the veax in the energy 
Spectrum 18 Gevendent on the straggling effeat in traversing 
the target and therefore if targets cf cifferent thicansss 
ér@ ueed, the calibration made b comparing the aress uncer 
Che pesks woule not be correct. in adcitien, since some ateil 
fraetion of the beem incident on the cuunter aperturs under~ 
goes significant gmail angle scattering by the clastic seine 
tillator, a more accurate compericon is obtained if tne seste 
tered particles have traversed the same effective seeticring 
thieckmess cf target materdal., Using the arew wider the elastic 
gOld peak as a stundard, the differential cross seetion of 
the alpha-particle group uncer investigation can ve exoressec 


in terms of this standard as follo.s (Al): 
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C,/he M082 o. <_) 
aw As i, cos &, a)" « 
Where 


SG. = differential crose section in willibarns/steradiane 
& 


atom in the laborstory coordinates 


3 
fi 


area under the cifferentisl spectrum curve 
N= number of inecldent alpha particles 


atomic weight of target material 


i 


f. 
fT = target thickness in me /em 
@ = angle between target normal and directicn of ine 
cident slphs-particle beam 
s = subseript indicates the values appliceble to the 
gold target used as a standard 
The ratio B/N is determined by the ratio of sealing factors 
used on the monitor counter. This, of course, assumes that 
interchenging the two targets does not affeet the intensity 
of the beam incident on the gold foil observed by the monitor. 
The comparisons were made with both targets at the seme angie 
which eliminated any error in the retio cos o/cos G., due to 


errors in the angular positioning of the terget. 


De. BACK ANGLE INTENSITIES 


The report of « recent exoeriment (BE), involving the 


bombardment of C°” with £f-Mev alsha particles, indicates 


at 
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a strong meximws at idv degrees in the angular distribution 

of the inelastic alphe group corresnonding to the 4.4 3-KMev 
excitation level in the target nucleus. Lome exguipment 
mowification ves necessary to investigeste the intensity of 
@lohe particles sesttered at baek angles in the present exyeri- 
ment. 

A perticle entering the sperture of the counter must 
traverse tro 1. 88-mg/ em aluminum foils, used as light shields, 
and a £8, 8-ng/en™ thickness of plastic scintillator, es shown 
in Fig. 6, before striking the Nal(Tl) crystal. after trev- 
ersing this thickness ef absorbing material, the particle must 
have sufficient energy remaining to produce a seintillation 
in the Nal(Tl) erystal which can be distinguished sbeve the 
yeray background, since chence coincidences between y reyes 
end alpha perticles ere av:;reciable at the low end of the ene 
ergy spectrum. AS this investigation involves the bombardment 
of light nuclei with « relatively heavy particle, the decrease 
in energy of tne ineleetically eeattered perticles as the 
angle of observation increases is cuite repid. The result 
of these consider«tions is that a liimitetion is placed on 
the maximum engle of observation permissible using this nar- 
ticular msthod of particle detection. 

The plastic seintillator was removed from the perticle 


selective counter and only the Sai(Tl) scintillator was used 
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for perticle detection. This eliminated °@.0 me/en” of 
absorbing materiel end removed the previous limitation on 
the maximus permissible engle of observation. The maximum 
proten end deuteron energies end the energies of the aipha- 
Le 


4* 


particle groups resulting from the bombardment of a C 
target were computed over the angulsr range of Trem 30 
degrees to 18) degrees. The response of Nal(T1} te protongy 
deuterons, and alophe perticles has been determined (Tl). By 
using these response curves in conjunction vith Know: rangee 
energy relations (AP) it vas possible tu chaose a set of 
aluminum absorbers such thet the pereentegs change in vulise 
height, produced by inserting these absorbers in front of 
the counter eperture, permitted Lientifieation of the par- 
ticle producing the culse, over this Q0edegree angulur range. 
The three alphu-particle groups observed in the bombsrdment 

f ci and previously studied with the particle selective 
counter wers identified using this method, &ince there peaks 
were superposed on « background of protons, deutercns, and 
low-energy @leha particles, the intensity measurements ob- 
teined were assigned en experimental uncertainty of &)3 percent. 
Nevertheless, by scenning the back angles, Lt was possible to 
ascertain that the differential crose section for seattering 
of any detectable alphaeperticle group at angles greater than 


0 degrees was less than 0.9 percent the value cf thet for 
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the groum! level at £2 degrees, is@., is 








barns/steradian-etom. From this .:t apreared thet, at least 
in the case of ct the seettering is primarily confined to 


the forverd quadrant. 


B. EBHERGY DEPENDENCE OF ANGULAR DISTRIBUTIUNG 


The data previously mentioned (Ri, P1) indicated 2 very 
sensitive snergy cenendence in the anguler distributions of 


tf) in the present 


PreMev aloha particles scattered by C 
experiment, the beam energy was known to vary as much as 0.4 
percent (H1) depending on the power level of ths cyclotron. 
This is lergely due to variations in the r.f. heating and 

the subsequent mechanical motion of the dees. The continuous 
reproducibility of date, regerdiees of the cyclotron pover 
level, implied that this strong energy cependence wes not a 
feetor in the present work. To verify the insensitivity to 
Small changes in beam energy, angular distributions of the 
@iphe groups corresponding to the ground, first, end second 


in «4 were also taken with 


excited levels in both C™” and Me 
reduced beam energies of 3U.9 Mev and 20.4 Mev. The reduce 
tion in energy was accomplished by insertion of 3, %=-ne/en™ 
and 6, 28-mg/em* aluminum ebsorbers in the beam. <aAnguler 
istributions otteined at both energies fell within the 


experimental uncertainties of those taken «wt 31.5 Mev. 
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Fe EXPERIMENTAL UNCERTAINTI €5 


only those sources of error «nich have an apprecichle 
effect on the experimental dit. are menticned. These ere 
discussed with respect to their effect on the experiment 
measurements meade. 

1. Errors in Particle Zelection. The seperation of 
@lone perticles from the pretens end deuterons from all of 
the targets studied was quite satisfactory. FTiguree © and 
9 shox this sensretion es observed on the oscillosceps fees 
While Fig. £8 shows the pulse height seperation in terme of 
amelyzer bias. Due to the long resclving time recuired in 
the coincidence circuit, chance coinciltences between alpha 
particles and y reys are possible. However, these chance 
coincidences are appreeisble only et the low end of the en- 
ergy Spectrum where the yeray intensity is high (Al). The 
individual alphe-particle groups were, im genersl, cleanly 
separated from each other. Thus it wes usually possible to 
graphically eliminate the chance coincidence rate by treating 
it as a continuous background over the specific low-energy 
renge where it oeecurred. This procedure is ghown in Fig. 

ll wheres the crogs-hetched eres indicates the relative ine 
tensity of the alpha group corresponding to the 7.65-Mev 


level in Cle after background subtraction. 
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sideration of all the sources of error, it is estimated 

that the bean energy measurement is cerrect to well within 
#400 kev. This is approximately twice one standerd deviae 
tion ag indiceted in the distribution of energy measurements 
shown in Fig. 6. The sources of error in the determination 
of beam energy ere: 

(s) Errors in thickness meesurements of target, 
plastic scintillator, and aluminum foils in 
the counter, end the aluminum absorbers used 
in front of the counter aperture. These 
measurements were mede by two methods. First, 
tne thickness wes measured directly with a 
vernier nicrometer and converted te ag/om™. 
finer the various materials were weighed et 
an aeeurste enelytical balance and the mg/em 
thickness determined by dividing this weight 
by the cross secticnsl grea. The estimated 
error in determining the thickness of the 
@iuminum foils is +1.0 pereent, but because 
these folls were extremely thin coupered with 
the other absorbing material, this inaccuracy 
had a negligible effect on the energy detere 
mination. The thickness of the plastic 
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scintillator was detereined to within +u.3 
percent but this insecuracy is quite amall 
compared with the uncertainty in the plastie 
scintillator pange-energy relations. for the 
same reason, the smaii errer invelyed in 
determining the thickness cf the aluminium 
absorbers may also be neglected, 

Errors in range-energy curves. The rengs=- 
energy curves (Af) were determined as fcllows. 
the rate of energy loss wee computed from the 
theoreticsi formula (LU). Bange-energy vo lues 
were then obtained by numerical integration 
of the reciprocal of this rate with respeet 
to energy. Low-energy velues were hesed on 
experimental date ratner than theoretical 
caleulation. Sange-energy relations for the 
plastic scintillator were calculated by a 
method previously deseribed (41). Due to ine 
accuracies in these calculations, they are 
estimated to be correct within 4 percent over 
the renge of proton energies incident on the 
plastic egeintillator. This inmaceurzcy permits 
an error of +100 kev in the beam energy deter- 


mination. 
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Verietion in tnovitent beam energy. The 


mechanical motior 


mY 


of the dees previvuely 
mentioned produced a verliation of £155 xev 
in the inciient alpha-beam energy. 

error in & Walues. The proton grvuups used 
for this energy calibration were from the 


LO and Li'(a,p)Be*™, 


resetions Li '(a,p)Be 
The 4 velues for these recetions (A3) are 
known to within Ou kev and introduce a 
negligible error in the energy determing tion. 
Nonlinear response of Wal(Tl) erystals. 

Jver the range of proton energies used in 
this experiment, the response of Nel (Ti) 

has been shown to be linear within © percent 
(T1). This is a emell error compared with 
those previously mentioned. 

Error in locating the center of the rroton 
peaka. The full width at half maximum of 

the ovserved proton peaks was approximately 
500 kev. It was therefore pcssible te 

Locete the maximum to within & xev. The 
nonlinearity of tne pulser used to calibrate 


the energy seale was determined to be negligible. 
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determined b belancing s bridge circuit 


th 


of the counter 3 
whose varlable element consists of a precision helipst cone 
nected to the arm on which the counter is mounted. With 

this method of control, the counter angle con be get te within 
#2.1 degree. The method described in Sec. TILE for deter- 
mining the zero snglie is believed to be correct only te within 
#525 degree. The finite srea of the beem on the target oer~ 
mits a maximum ongular uncertainty of +U.5 degree, The cel- 
lective effect of these possible errors limits thse precision 
of angles measured relative to the beam to #).6 degres. Lue 
to the contimious reproducibility of results, especially vhen 
mensuring coulomb seattering in the sensitive region of the 

| sin*(a/2)| factor, it was concluded that angles could be 
set relative tc one enother to well within 40.3 degree. 

Since the terget was initially set perpendicular to the 
beam by optical means, a possible error of +? degrees is se~ 
Signed fer this angular position, This error is insignificant, 
however, when the effect of the resuitent error, a chenge in 
effective target thickness, is considered, In the few in- 
stances vhere the terget angle was changed during en experie 
ment, the correction for effective target thickness Invariably 
fell within the etatistical error of the deta. 


4. Errors in Halative intensity 


important error introduced in the meesurement of relative 


renents. The most 
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intensities wee thet due to the metinotd of compérison, The 
area under a given peak was peasured b. & poler planimeter 
and this measurement is estimated to be correct to within 3 
percent. Due to the small area af the target subtended by 
the beam, errors dus to target thickness variatiune are e8~ 
timated to be less than 1 percent. Compared to the above, 
those errors due to monitor diseriminator etedpility and the 
inherent statisticel counting errors are cunsicered ta be 
negligible. 

5. Errors in Cross Section Measurement. As previously 
described in fee. C, the erecss section measurement depends 
om a comparison of plotted areas which represent relative 
intensities. The standard of compérison was that erea under 
& peak corresponding to a differential cross section for coulumbd 
seattering. This standard intensity was always obtained in a 
region where the variation with angle followed the | sin*(@/2)| ~2 
relationship within statistical counting error limits. The 
assumption wae made thet in thie region, the Rutherford dif. 
ferential cross section formule (Rl) is correct. Then, con- 
sideration of the errors previcusly described in thie section 
pleces an uprer limit of +7 pereent on the accuracy of the 


differential crogs section values, 
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one rmuclei chosen for investigation afforded tuo oppor 

unities for cbserving the validity of the isotonic spin 
selection rule in this experiment. in the reaction 
ri®(a,a')Li”, excitation from the T = 0 sround level 

to the &.19=8Mev and 4,.5°<Mev levels, both of isotupic spin 
t= 0, are allowed since the bombarding alphe particle is 
Sélso T= 0. However, #xcitstion to the PT #1, 3.5%-mMev 
level is prohibited by this selection rule. Figure lo shows 


c 


the Spectrum of alpha particles, observed at an angle of 3) 
degrees, which results from the bombardment of a l.4=mil bi” 
target. it is clearly evident thet excitation of the 3.57- 
Mev level is almost entirely nonexistent. &£ study of the 
seectrum at 421l1 angles of observation indicates that #exel~ 
tation of this level has a provabllity of occurrence of lass 
than 4 percent thet of sither of the two cllowed levels which 
vere excited, 

&A Similar investigation was made ts determine the probe 
ability of excitation of the T = 1, *.3i=—Mev level in 54 
compared vith thet of the T =u, 3.95-Mev level. The only 
terget meterial guitable for the study of nitrogen vas melamine 


(see Sec. LIID), which contained « high percentage of carbon. 
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Combined with the poor reselution of the equimmrent, thre 
proximity of the excitetion levels of carbon and nitrogen 
@idg not permit taxing eleen angulur cletributions of tas 
alphe particles seattered by wt, However, it wee pessible 
to plece an upper iimit on the excitation of we forbidden 
level as follows. Une alphoe-particle groups elasticully 
seattered by carbon and nitrogen were unresolved as were 


nal 
those groups corresponding to the 4.45-Mev level ins nal and 


the 3.95-Nev allowed leval in gi, The unresclved peaks were 
Calibrated, as csescribed in Sec. IVC, in terms of an sngulute 
total differential cross secticn for both interactions. The 
cl cross sections, seperately obtained using a pure carbon 
barget of s thickness determined by the carbon content of 
the melamine target, were then subtracted cut. By this ex 
pecient it wes determined that excitation of the isotopic 


epin prohibited ¢,31-Mev level in x*“ 


occurred with eae probe 
abllity of less than 6 percent thst of the ellowed 7,05-Mev 
level ovér an angular renge of observation of from 14.8 
degrees to 64.1 cegrees, 

Figure 1] shows the alpha-perticle groups observed at 
an angle of 32 degrees with the beam when a carbon target 
is bombarded by 31.5—Mev aiphe perticles. The alpha particles 
elastically ecettered by oxygen contamination of the target 


show up 25 a clearly separated group just above the elestic 
ch group. 
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The elpha-rarticle eneetrum shown in Fig. 1 resuites 
from the 31.5-Kev elphe-particle bombardment of 28 natural 
magnesium target. The elastic seak includes the elastic 
seattering from all three steble magnesium isotopes while 
the inelastic groups sre due omly to i 
indicated in the figure. 

The angular distributions of alpha garticles secttered 


inelastically by Li”, gtt 


» and Me** are shown in Figse 13-1, 
The well defined maxima and minima are suggestive of a direct 
interaction, as diseussed later in tee. VI. The date of 
G. Schrank et al. (Sf), obtesined fer the intsraetion 
Fe°"(p,pt)Fe” snow @ similiar structure and are intere 
preted as indicative of a direct intersection. che errors 
indicated in Figs. 13-18 include ell uncertaintias affecting 
& Comparison of reletive intensities. shere no errors sre 
indicated, the uncertainty illes within the limits of the 
finite size of the points on the curve. An additional error 
of 2 percent should be added to sceount for the uncertainty 
in absolute differential eross seetion values. The positions 
Of maxima and minime for aach observed inelastic angular 
distribution ere indicated in Table l. 

The engular distributions obtained for the elastically 
seattered alpha particles are shown in Figs. 19=i1 where the 


Calculated coulomb cross sections are indicsted by a daghed Line. 
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A. iINELALCTIC SCATTORIRG PRUCESS 


The well defined structure evident in the inelastic 
angular distributions of Figs. 15-18 4s suggestive of the 
theoretical predictions for - direct internetion. This ia 
more definitely indiented when we consider thet, in the ease 
of ch the cross section for scattering at angles greater 
than 90 degrees vas found to be negligible comoered ~ith 
the values observed in tne forward quadrant. As mentioned 
in Gec. 1, there are three processes currently eceented es 
possible mechanisms for the excitation of muclei by charged 
certicles. rredictions of the theory for each process, when 
compared with the exnerimentel deta, should vermit an estimete 
of the contribution due to eaeh method of excitetion. 

If excitation occurred by the formation of a comround 
nucleus, the nuclei involved would be pt8 gS and an™*., 
A study of the level snseing in these nuclei (43, EP), at 
the excitation levels involved, clearly indiestes that a 
stetisticel trertment is not valid. Even if we did assune 
thet the statistical theory was enjlicadle, any reasonable 


level density function (#6) predicts inelastic seattering 


cross sections mucn emaller then the observed velues. 
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From & comsivderatlor of the emerg, Spresd in tho invident 
beam, it is alsoepperent thet the interactions cvuld not 
involve the excitation of only # single Level in the compound 
nucleus. The possibllity still exists thet on anguler dilge- 
tridution which i€ nut symmetric eEtout Su cdegreee in the 
eenter-ofe-mass coordinates cvuuld result from a cumpvund nucleves 


interection (H3). Hovever, the experiments] anguler distribue 


tions ware shown te be insensitive to sigmivicent chenges in 
beam @nergy. It ie concluced thet no econutributiuns te the 


observed angulézr distributions from cumpowni nucleus intere 
actions were experimentally observable. 

it is useumed that & cuntribution to the observea cross 
sections due to eleaetric excitation weuld not be of sufficient 
magnitude to permit deteetiun. ‘This assumption is believed 
to be valid for the following reascns. 

(a) The electric excitation mechanism is most im~ 
portent when the bombarding energies are below 
the coulomb barrier, a condition not fulfilled 
in this experiment. 

(pb) For bombarding energies cbove the barrier, the 
electric excitation effect would probedly be 
masked by the lerge mucleer scattering (H4, 


M3). 
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(c) If we optimize conditions of buombaruing mmergy 
and orcer of multipole moment involved, the 
theoretical maximum total cross sectiun for 
eleetric excitation is less than most of tne 
aifferentia]l eross seeticns obtained for ex- 
citation of the intividuel levels observed. 

The eerily direct interection models (55, G1) had considersble 
eneecess in explaining exverimental anguler diletributionse des- 
vite thelr somewnat crude arnprosch. 4 thaory based un the 
Born approximation (4°) was quite successful in expleining 
the (d,d') anguler distributions obtained in exettetion of 
the 1,.38-Mev Lavell in ug’, The recent theery of fustern et 
el. (A4) preposes a mechanism by which the reaction proceeds 
by a direct intersetion between the incoming particle and 
one of the nucleons at the surfaee of the nucleus rather then 
With the nucleus as x whole. The theory predicts a differ 
entialcross section for a raaetion in which the residual 
nucleus is left in an excited state. The theory given in 
the following section closely follows this treatment and was 
derived (R5) in an attempt to exolain the inslestiec anguler 


Gistributions obtained in this exoceriment. 
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B. THEORETICAL ANGULAR DISTRIBUTION AND CUMPARISON WITH 
EAP ERIMENT 


The cross section for the interection can be written 
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eo. m4) © 
30 Fd £8 69) 





MM? 
where we have avereged over the initial (unprimed) magnetic 
quantum numbers end summed over the finel (primed) ones. 
Using the Born (plene wave) and impulse (umperturbed nuclear 


states) approximations (C3) 


£1460) = [ary .+. dr,ar W payer (aye AKT? Virsa y aye "* 
in which we have essumed that the spinless alphe particle is 

a point particle. Way (A) and WY styet (4) are the initisl 

and finel nuclear states and the exchange of particles is 
neglected. To conserve angular momentum the alpha particle 

must undergo a change in angular momentum equal, and opposite 

in direction, to thet of the nucleus. In other words, J, J’, 


and £ must satisfy the triangular inequalities 


g#T"> 7 
J J J+ @ 2d! 
Ji+ 232d 


4 
Another selection rule, which results from a consideration of 
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parity, is that £ is edd for # nucleer parity echenge end 

iy is even if the nuclear parity is umehenged in the reaction, 
To see the results of the above, we abandon the inde 

pendent particle model of the nucleus end consider the nucleus 


&€ a wnele. Then 
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= ary Y* 5 rier (Py) W gy (ey) € Cok "00H ae € * v(x) O* 
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where X®@r- fy. We set V(x) = V0 (x), amd expend the plane 


Weve obtaining 


at 


: . L ipgtt 2 OL. — —~ = ' . 
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— ie - es 1, 
where K = lic - KS | x Jk” + k?” = Skk! cos @ and from the 
gelection rule previously discussed, / is restricted to the 


"triangular values". Separsting engular anc radiel integrals 


to 
fry (Oe) = ZdWTU MNT, L) f »,* Gryt" (ry t(re) sp (Kr) 
R 


where we restRict the integration to the region cutside the 
nucleus. If the integretion includes the nuclesr volume, 

the resulting angular dietributien has much toc little struc- 
ture to be compared with the experimental data (T3). By 
assuming that the elphe psrticle does not penetrate the 


nucleus we imply a direct "“surfsece” interaction. 
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If the nuciegar wave function faklsa off 


we 


racidly cuteide the nucleus we ean agurcximate it by tne 
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Vélue of the integrand at ry = R, Then 
funni) = 2 BCT, TM ML) eC 5, CR) 
az £ L 
and if 2 is restricted by the previous selection rules te 


@ single value 


fcr MS) = BCS, 74 MyMt, L) @(R) J» (KR) 
and 


A. « xr>| * 
m¢) ld 2 (mR) 


This restriction of 7 to a single value will oceur only 
if either J or J' is gero, Otherwise there may be two or 
mere possibilities. These can ce further restricted, hovever, 
if we use the independent particle model of the nuclaus. 
Assume that the nucleus consists of one or more closec shells 
with a number of nucleons in the orbital angular momentum 
state A outside the lest closed shell. Then if we essune 
two perticle interactions between the incident alpha particle 
ang the individual nucleons, fy ut (e) will involve integrals 
of the form f Ly eam 2 Lo ad) » having the value zero unless 
Q = 0, £, soe » SA. Thie additions] selection rule is 
usually sufficient to eliminate all but a@ single values 


of 2. 
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Yhe predictions of tnis theory ere now to be cumpare 


ta! 


with the experimental dsta., it must 5¢ stated thet, becsuse 


2s 


of the plane wave eplproximatiun, tnese resuits gre not enpected 
to give accurate enguler distributions. The predictions are 
most aceurate at the forwerd angles and the sositien of the 
first maximum is most desirijble for determining the veiue 

of J involved. 

Experimantal difficulties prehibited observations et 
laboratory angles isss than 14,5 degrees, an angle grenter 
than tne predicted position of tre first saxima in most of 
the interactions. In all but ome cease studied here, however, 
the 2 values can be obtained since the quantum numbers of 
the levels involved neve been determined in other experiment: 
(A2). The theoretical curves were compared with the experi- 
mental deta using a value of R whieh gave the best fit with 
the first observable meximum end minimum. 

i. ni °(a.a')Lie. The ground level of ui® hes d = jy 
the £.19=Hev level J = 3, and the 4,.5-Mev level J = 3, sil 
of even parity. In both cases the theory predicts an angular 
distribution which varies as 1Jo(KR)!*. The values of B 
recuired to fit the date are quite large. However, this is 


6 igs a 
i/3 


not considered too serious since the “radius” of Li 
rather nebulous ccncept. Using the reletionship & = ryA 


with r, = 1.5 x 10712 om, alpha-particle radii of 3.0 * 107+" 
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mand 3.4 x 10 om were required to fit the deta fer the 

4.5eMev and $.19-Mey levels. There is sowe eviuenen (a6, 

8&) for a large alpha-perticle radius based on (n,a) seete 
- é md 


ués given sbove sre 


«3 
fm 
fae 
> wt 


tering experiments, However, the 
considered excessive. The fit chtained 1a quite goud, now 


’ 


ever, and is shown in Fign &£x and 23. 


ra > (Ct , 
e. ot (s.ct)ct™ 2 = ~4.43 Mov. The 


an angular ¢istribution varying as | J, (KR) 


fo 


heory predicts 


¥ 
w 
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for excitation 
+ 
from the J = @ grounc level to the J = 2* first exeited 


Le 


level inc Figure £4 shows the fit with experimental ob- 
servations and also illustrates the sensitivity of tra snneri- 
cai Bessel function to a small change in R. The value of AK 
Whieh gave the best agreement at forward angles required an 
alpha-—particle radius of 2.5 xX 19714 cm for ‘, = Led * ipl? 
cm. This is not incompatible with the previously mentioned 
evidence for a large eloha-particle redius. It is neted 
that the deta ceviate from the theoretical curve at angles 
gréester than 50 degrees as expected from the discussion of 
its range of validity. 

Se ct (a .at)ct®* 5 = —feS5 Mev» In this case @ 
| 4,(Ka)] © curve is predicted esince the ground and second 
excited levels are botn J = Ut. Agreement between tneory 


and experiment are illustrated in Fig. £5 where the fit is 


seen £0 be extremely good. The value of KR is the same as 
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Li 


was used for the first exeited level of C™". ince the 
firct maximus shown is actually the firat meximum cccurring 
beyond zero degrees for the j. curve, sgreement at larger 
engles should be somewhat better than in the previous case, 
This is illustrated quite well in Fig. iB. 

4, Ne“ (at) Mg *” CL = eleii Kev. Due to the kinematics 
of the intersction, the center-of-mass angular range of Gbe 
servation is increesec for interactions involving heavier 
target nuclei. For a ground level epzin of J = U amd a Jd @ & 
excited level, both of even parity, the theory predicts a4 
| 4o(xn)I * angular distribution. The experimental dete fit 
the theoretical curve extremely well anc this agreement cone 
tinues past the third maximum of the spherical Bessel funetion 
(second maximum shown), as indieated in Pig. £6. with a unit 


redius r, = 1.5 x 1 cm, a4 alphe-particle redius of 


o 
fol 1072? cma was recuired to fit the curve. By bombarding 
magnesium with 44-Mev alphe particles, Gugelot (HG) hes obe 
tained almost identical results. His date are approximatad 
by a ldo (KR)| * and require a radius approximately the same xs 


in the present case, 


a4 wae 





£ * -Gehi Mev. The level of exci- 
tation involved in this interaction is actually a duublet 

: + - 
(HB). The lower level has been determined tc be J = 4° (A)) 


«> 
for which the theory would predict a4 | 34 (BR) * angular 
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aistribution. however, the sucleer radius required to rat 


the data to this curve is too Large to be ocunsidered vhysieally 


possible, The agreement between experimenter. observatiuns 
‘ ro ” 5 % z 
and a j.(xR) Spherical Gessel function, iilustiratedc in 
Ra 
Filge £7, is seen to be extremely good. Zhe theoretical curve 
w8s Obtained using a unit radius > LeS % 1g7t em and en 
2 3 3 
@lone-particie radius of 1.3 <x 10 4 em. This result can be 


interpreted to iniicate that the higher level, heving a 
spin J = 2, is excited ani thst in this interaction, sxeltetion 
of the J = 4 level is ciscriminated against because of the 
higher anguler momentum transfer whieh would be involved. 

whe positions of maxima and minima obtained experimentaliy 
ere compared with the predictions for the direct surfece intere 
action model in Teble & and it is seen that the agreement is 
guite good, 

With one excestion (Sf), there is no kmown evidence to sup- 
port the direction interaction process in the inelastic scat- 
tering of protons. <A study was made of the results of many of 


i Dons 


gor 
= 


the (p,p') interactions (87, BS, F3, FG, G2, R4, W8) and 
of these was it pessible to fit the experimental data to the 
angular distributions predicted for « direct interaction. It 
appeers that the (p,p') interaction proceeds by a process com- 
pletely different from thet whieh occurs in inelastic aloha- 
particle scattering. This could be interpreted as due to a 
difference in diffuseness st the nuclesr surface for protons 


anda alpha particles es discussed later in Sec. UU. 








22 2) Gear Seer Ger leee 842 SATOH | Aled 
phere) Seer etek oO) #gTes Ges Ot eres 2173 © Sue ot 
ALS Te MOTTA Tanawetys eit .81G1seOy 
ok oeboewl ts ouleou) tensed fastimcign * (jt « bax 
rus leelitetedd «ot od Timersites of od umee at (0S .gft 
we ee we “ot & At @ oe tuthes Dhee & petley hontaite 
ome fives OL ee * O.l le sulpert 
© peivee giovel wots 208 Sams caclent of | 
WEA Loe pmeAseresene eer Si dant cos Pevines at 2 = & Bhg 
sar Te Geueeee Jedeoge Becemioteaeld at ieved o = t at Yo 
seeviowm «oc blow Golo telacetd qoteeewc talapas & stat 
Viletamivroctr beci «i aaltile bee onizes Le cavisieog eft 
<wettd wets precih <tr vel amoléolters ad! ity Deseues wil 
+2 deere HE fete eee ot fd bee 6 eloeT ct Jebes aolde, 
bows etluy 
ie 4 pai, ewrom ue 43 oteds . (63) metrgnoss ene OW 
~deme efPbniee! af? 2 ececaye wolzoumeral aolooesio ans 
te you ef Lent att to obese teow whore A oexctong to 
ro a ee ee TCE OR NE) exo ttoiesai 
— 6F Beh) (eer eRem om /L) 68 phdlencg 1 ov J 
71 sce! QOPNED 4 OD BedodeRy Ane cotiyaerh we rT 
<> Heer © Cf akewwewy eutrwepeans (hee) ad? seer " 
ed Fhieelems Cd qrummw dplee fuer evel sanw3itb ylerete 
8 Oe ee Ohererrtal of bes ede egetwiteoe afaticeg 
Ce Eevee pelo wh 66 eemewewl ile vt esas TEE 
«i sae’ Wo! Wwhal Beteweels @4 selolireq atqle bas, 




































s z 


s. 











SSOW JO 4ajuaD 8 
O08 Oz 09 OG 


Lo 


AWW cl v-=0 4 p2OW(?? 7°) p20 
JO} SanjOn jOjuausadxg - 4 
Wd ¢)-Ol Xo9=4Y 
a[(un) 24] 


Ov 





Od 


0 

Ol 

02 — 
R 
or 
p 

o¢ 2 
3 
2 
= 
=. 
3 

Ob 

OS 


O9 


Table 


£ 
2 


Anguler positions of maxima end 
minime of the inelastic alohe-serticle 
nevisr distributions compared with 
theoretion] predictions fer the cirect 


surface interzction model, 
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POSITIONS OF MAXIMA AND MINIMA 
IN THE INELASTIC ALPHA PARTICLE ANGULAR DISTRIBUTIONS 
EXPERIMENTAL DATA 
COMPARED WITH 
PREDICTIONS OF DIRECT SURFACE INTERACTION MODEL 


EXCITATION ia CENTER OF MASS ANGLE (Deg.) 
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The alvuhe-varticle anectrum of Pir. luv amd the disenusasion 
of fec. ¥ indicate thet there is Little or no breakcown of 
the isetozic ssin selection rule in the inelastic sesttering 
interactions observed in this investigetion. in the bomberde 
ment of 13°, excitation of the forbidden 3.57=ev Level se~ 
curred with « rrobabliity of less than 4 percent that of 
either of tne two ellowed levels which were strongiy exeited. 
cimilariy, excitsetion of the =.5leXev lewel in Rv, forbiaden 
by this charge independence selection rule, occurred iitn « 
probability less then 6 pereent that of the alloved 3, )Sev 
level. 

The statements of Part A of this section and the agrate 
ment between the experimental engular distributions and thuse 
theoretically predicted, for the inelastic seattering mechenias 
described in See. VIB, ere clesriy inéicative of « direet 
surfece intersection process, 

These facte lend sunpert to the recent proposal of Lene 
and Thomas (L3) that isotopic spin should be conserved in a 


direet interaction. 
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Db. CLACTIC PCATTERING 
Thea 6@lastic algh»—partacis ene 


teined in this experiment, F.gse 


Bimiler te thet owuserved in the diftr 


upaque body. 


tion from 60-73 cegreas shown in 


The diffraction pettern is an. erent 
with some other process 
apoears to be worthy of 
phenomenon was observed in 
from oxygen (F2) but no 

Recectlys 
obtained in the elastic scattering 


by heavy muclei (Fl, G3, We, W3). 


analyses of these dete (86, Pl, ¥3) 


Lue , 4 Ff 


The reesons for the smooth 


Pig. Du 


weecurring in 
future iuvestigetion. « 

the @lustie scattering 
wmalysise of 


varicuz experimenters huve reported the 
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the intereactivun mn. tris 
Véry Simidter 
Gf Ue@uLlerene 
Lose Gate Was etltuy idee 
results 
of Iu-GU-HMev eciphs particies 
The essentially ecléossical 


have hed sume success in 


qualitatively explaining the observed monotonic decrease of 


o/o with increasing angle. 


eoulomb 
hewever, are in direct contrast to 
observed in the elastic seattering 
end 40-Hev alpha particles (11) by 


effects, similar to those ovtsined 


have alee been noted in other elastic 


tering experiments (510, £1) in which 


ahese experimental results, 
the diffraction patterns 
of if-Mey protons (C4, CS) 
Light muciel: diffraction 
in this investigation, 
alphs-particle seste 


the results were inter=- 


gretec in terme of an opticel scattering model, 
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r 4 ~ we , gS - — / 
wwe Cptica: motel cf the nucl@u® (Fe 


tion patterns observed: in the elestic senttering of charged 
particles by nuclel (B11). It is of interest thet goed 
agreement with experiment (G4, L4) wee obtained for suck « 
model in the elastic seaettering of :v-Hevy protons by eluminun 
(W8). The reel part of the complex petentixl, necessary to 
obtain agreement in this cesze, vas represented by the squsre 


a 


Well poterntini obtained when one agsumes thet all of the 


oe 


muclear charge is eszentislly on the nuclesr surfece, By 
imposing the edditional requirement thet the target nuclevs 
nave a ciffuse surface, this form of the conplex potential 
@leo gave satisfactory agreement with experimental det» on 
the elastic scattering of pretons by heevy nuclei. Porter 
(Pl) has estimited this diffuseness to be of the order cf 
i *« 16 srt 2 ca for the aipheaenarticle bombzrament of hervy 
nuclei, 1.8., aprroximetely twice the value which gives astise 
faetory agreement when protons are used as the bomberdcing 
particles. The diffraction type phenomens occurring in tne 
elestic angular distributions of the present investigation 
ean als. be explained in terms of an optical model which is 
eonsistent vith the model employed in the analysis of the 
inelastic seattering data, 

Large (2,p) and (2,4) cross sections observed in this 


investigation (Figs. & end 28), umd others, are interpreted 





ee eee et OT 8! ereleue tr Ws feo Tere eT 
“WHE ake O18 DORA heee @f ecripes ce ser tpes tice Oc 
rw tb wher hes ohivele wi! ot. mrveeede uriesiag ovdt 
rh emt femmes So el. LOM Solent. t+ wed thogen 
ee ek eemenrem tee (02 et) Hemciigogper o3 ty da 
elon s Fe Glew, VEEk) DO peer RRS gateet> wtf ad Le 
a Fresmame slnltmnsey Rakgnon et An dard Leva ood isn Oeil 

cement ot Nedeweeiret oes uw ie a“ 
wt ce Ln Mee dees ee aubr Gecarony | 

Te OAS Bc dees et) oe lint ioe al 
Ah Vee Mel Stl FN iews Cece bay add 
MAAR Ae Lim bt LOD Bhd yea elm ont te a 
_ te a Lemeewante a te fatewenes Gretueteisee 
Sete <iiage Wired oo amovutS 30 saew eile 4 
.— ere te ere iee AY tedee de ow 
Brel oe sere pislee epemiiy ce 200. 
OLN ee Le OL OD CCP RNROE) gm ge 
So. se ne ee 
POM etl meee oper wottoattil acl.) 
PLEO Jeeta med Yo whulsotnen lo 1 
1) Ghee dates [antine © te eet.) be clove of 
ret 1) Petite tet Be Serwolet Jabce od «dsm 

a * 9 POOR Dmceere 
dir a! neem sanizpes pecon dadits ine) areben 
hey re rete tee (OE oe 4 art) ee tiorrad — 






































LG 


S8|D1pIOg OYd|y 


Wg 31V0S 

002 JTONV Y3LNNOD 
139YVL 9! 
WNY1O3dS LONGOYd 


jyH18H as|Nd 


sae agai 


(S\jon) soig 


f 


suoiajnaq 





asiOn 
g1u04j9a13 ~ | OO! 


00d 


SUOjOdd 


OO 


SJUNOD JO saquINN 


& 3°77 


to inilicate thet neclel gre opaque to hheh-overgy «ly ke 
earticles (#19, Pl, Wi). The the@cretics. treateent of 
data in the elastic Alohsa-particle soeattering sreviously 
pentioned (26) also assumed en cpacue nucleus. The ergu- 
ment was that complete absorption occurred for vartial waves 
with 2 velues less then thet corresponding to the classical 
enguler momentum for which the distance of closest eprroéech 
de egqusl to the sum of the alpha particle and the nuclear 
recii. In the trestment of the data obtained in the praesent 
investigation it is essumed thst the nucleus can be repre- 
sented as being completely opeque out to a racius A, with « 
diffuse surfsce of thicknese AR. This model is similar te 
the optical motel which can be deduced from the results of a 
recent survey of total resection eross section data (91°). in 
Table 3, the elastic angular distributions of the present exe 
periment ere corpared with those predicted for seattering fron 
an opecgve echere, Positions of the predicted mexima were ob~ 
tained from the relation 
3, (ER sin #) . 

asl - KX sin @ 
Whieh is the exact sxpression for the seattering from 6n ope 
ague cise and very closely approximates the angular distribu» 


tions for scattering from an opaque sphere. 
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Table 2. Angular positions of tne maxims cbserved in 
tne eleatic scattering angular dittributiong 
compared with those predicted fer scattering 


from en opague sphere. 


¥ 
Ratural Mg ¢** na ® 
CoM. Amizgular CeHM. Angular CoM. Angular 
Poeition of Pogition of Position of 
Maxime (degrees) Maxima (degrees) Maxima (degrees) 
Opaque Upaqcue Upacue 
cyohere Sphere ophere 
R ® ye4 RAR 4.4 R = 4.5 
Expt. x Lo7}/ cH Exot, x 1O-12 gn Expt, x “15 o 
= 4 24 29 ng 3325 ogden 
39 41 48 SO 
$5 55 ~ 69 
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The theoretical curves were fitted using values of RK 
which gave an exact Tit at the position of the first exe 
serimnental maximum. ‘these values of 2 are evumpered with 
the mean values of the intersetion redil rewuired to fit 
the insleetice seattering theory to the experimental data. 
This comparison ylelds the following values for the diffuge- 


6 


ness AR of the nucleer surface: Liv -~ 1.7 * 1e71? Cli, 


12 ~13 


os 
em, naturel Me - 0.9 * 1y 13 cu, These 


C™ = Le3 X 10 
resulte ere of the order of magnitude estimeted by rorter 
(P1) and are in agreement with results obtained in recent 
apalysis of total reaction cross section date (B17). The 
incresse in diffuseness with decreasing atomic number is not 
incompatible with the concept that the light nuclei cre less 
concentrated. 

The difference in diffuseness of the nuclear surface to 
protons and to elpha mrticles was mentioned exrlier in this 
section. It has also been pointed out that enguler disetri- 
butions obteined in the inelastic scattering of protons do 
not, in general, show the structure chsracteriletic of s 
direct surface interaction which is observed in this ezveri-g 
ment. It is not inconsistent with these considerations to 
speculate that the relatively thick diffuse edge of the nue 
cleus, aS seen by an alphe particle, represents a larger 


effective direct interection "surface",.,to alpha particles 
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then to protons. 

&s illustrated in Table 4, the concept of » diffuse 
surface opaque nucleus, which is cumsistant with the model 
sesumed for the inelastic secttering process, gives reaults 
in close agreement with the 41satic scattering data. This 
eannot be interpretec, hewever, «s verifiecstion of the validity 
of the elestic scattering model, since elrilar agreement with 
the data can be abtained using @ comnletaly different repree 
Sentation of the elestic interaction. Consider the nucleus 
as being resresented by a Squere well pgotential “iti: the 
eoulomb potential cut off at the nuclear rediu & Re in tnis 


ease ea differential seuttering cross section Se ~ [r(e)| 


obtained in which 


) Tr Tee 
£(e) es “31% sin SR - (V,KR + 2e"K) cos KR] 


Z é 


where K = Ky + kp ~ RE, K, cos © 


Ky = initiel interaction wave nusber 
Ke = final interaction wave number 
& @ center-of-mass senttering angle 
R * interection radius 

Yo = depth of potential well 

This reduces to 
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where Jj is the svherics] Bessel function of order oma. For 

any reasonible velue for Vo" 4t ens: be snow (#7) thet the 
second term, due entirely to the coulomb effect, hat @ negiigible 
effect on the angular positions of the maxima, snd that the 


aGifferential cross seetion may be aorroxinated by 


s al t 
ai. ~ a am 3, (xe) | 


add 


A rigorous trestment of this croblew (F5), based on the general 
phase snift representation of the scattering matrix, hes been 
yubllaned complete with tables. The predictions of the above 
equation are compared with the experimental data in Table 4 

where the agreement is seen to be as good as that illustreted 

in Table 3. From these results, it is concluded that the close 
agreement with experiment obteined for the opaque nucleus coun 
cept is insufficient evidence to Validate the use of the model. 
The fact that the model is consistent with the ons enslayed to 
describe the inelastic seattering process may be entirely for- 
tuituous., The theoretical curves were fitted using velues fer P 
whieh correspond to the mean values of the interection radii ree 
quired to fit the inelastic seattering theory to the experinentel 
data. These recii sre comparable with the ones ebtained in the 
computation of tote] rexetion cross seetions calculated by 


Shavire (£4) for a totally black square well potential. 


# £ pessonebleé value cf Pu-2u Mey was used. There is evidence 


(f5) for « lerger well depth. 
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Table 4. Angular cositions of the maxims observed in the 
elastic seattering angulcr distributions compared 
with those predicted for elestic seattering trom 


& equere well potential. 


Katural Me gt La® 
CoM, Angular CoM. Angular Cel. Angular 
Position of Position of Position of 
Maxima (degrees) Maxime (degrees) Maxime (degree) 
Square Equare Square 
£4 £8.69 9 31.8 3345 34 
39 39.5 é6 49 
$8 54 wo 63.6 
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2 recent, end as yet unoubliaghed, elestic alshs-particle 
seattering experiment vas performad ta study the angular dee- 
pendence of (SE) / AD couront at 4; Mev over @ reuge of 
elements from carbon ta silver (11). & composite plot of 
these date shows the details of the gredual chenge Prom the 
diffraction to the exponsntisl behevior with increasing atomic 
number. The data obteined in the present investigetiuon are 
dllustreted in this same form in Pig. 79 to facilitate come 


perison of the behavior st the bombarding energy of (1.5 Mey 


used in this experiment. The general charzeteristics of 


eomposite plots sre quite similar. 


Vile. CuNCLUSIURS 


The Gata obtained in taig investigation and the discussion 
of See. VIA cleerly indicate thet the mechanisms of compound 
nucleus formation and electric excitation are not of prinmery 
impertence in an analysis of the inelastic seattering of 71.5- 
Mev alpha particles by light nuclei. The angulur distributions 
aro similar to those predicted by Austern et al. (44) for on 
interaction in which the bomberding particle tranafers an 


amount of energy to a nucleon at the surface of the nucleus, 
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DIFFERENTIAL CROSS SECTION 
RATIO TO COULOMB FOR 
ELASTIC SCATTERING OF 

31.5 Mev. ALPHA PARTICLES 
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15 29 35 45 55 65 igs: 85 95 
© (Center of Mass) 





the so-called direct surface interaction. iUxperimentel agree 
meant with the predictions of on theory based on tris monel is 
quite good. Nevertheless, the following ststements must bs 
considered as immosing a limit on the walidity of tnria motel, 

1. The theory assumes an interaction with a elingle nucleon 
in tha target mucleus. Gevever, from purely kinematic congldera- 
tions it ean be show (HG) that the somentum transfer involved 
reguires that the energy be transferred to more than a single 
nucison,. 

2. The Sorn aeoireximation is probably quite good for the 
interactions umler consideration, 1.4.; t ~ 33 Mev compared 
with a meximux coulomb barrier of © Mev. Eimilar cgreenent 
obtained with the use of eovulomb wave functions would give 
strong Support te the apritecablility of the model. This will 
be attempted in the near future (75) and the effect on the 
theoretical predictions should be of considerable intarest. 

3. The eleetric interaetian theory is subject to certain 
refinements which may or may not affect the megnituce and 
angular cependence of the cross sections predicted for this 
method of excitation. Une of the most important of these is 
the use of an arbitrary radius of interaction. 

4 It was éssumed that the compcund nucleus type of 


intersection did not occur for the following reasone: 


i 
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(es) The variation of intensity with angle was net 
gmooth but showed «a weil gefined structure, 

(ob) There was nc snguler symmetry about GU degrees. 

(c) Neo back engle maxima were found and the majority 
of the inelastic geattering “asa confined to the 
forward cuadrant. 

(4) The sngular distributions were insensitive ts 
significant variations in the ineident beer energy. 

(e) The differential cross sections observed were 
large compered with those previcusly obtained 
for interactions known to proceed by comround 
nucleus formation. 

The development of « formal compound nucleus theory, which 
predicts the inelastic engular distributions resulting from 
the excitation of discrete levels, could affect the abuye eone 
siderxtions. 

Un the basis of the present evidence, however, it is con- 
Gluded thet the inelastically scattered alohs particles, oh» 
served in the present investigation, result from « direct 
interzction at the nuclear surface, Due to experinental limite 
tions, it was not possible to obtain duta at angles smaller 
than 14.& degrees. AS # result, even though good agreement 
with theory was found at larger angles, it wes not possible 


to verify the position of the first predicted maxima except 


ter see Gipee Ade ohbemeni Yo ewddcduer ec7 te) 
cv eh Mee (2) Chew © bowels Sek eee 
ovireeet 22 proee yideeees. taleyes oo ses ems? {6} 
ef OF se Gar® reser anizen plgew sped we (pn) 4 
oF 6) PROT eee erlestiene P59) alead ote Te 
_ =) ip Per Ty 
gh ieee) ouee ampdrutbetels telopon ect (6)) om 
ewe men toto sor of copltai>e dmatiicnts 
oe Sweets eet deer ferns . 
boetet) tame bree eeaad GP ky Meteumye egiel 
Se eee 
— Pa foie) eswelunr. | 
0 Ce onegae Ame kouy sro ~O Lew « to Sommraleved. att 
(vl gms Lowen Betodsitinee nt talegee shee chem) my 
ab ort one Tate & le atowes Sdewnad? 30 
ss — — Se a ea ae wp 
OD «(2 Sr! \sooedles mmecte caf 50 uleed 
forthe . met] Slay gomettas heevet . 
eh | die Nee od mie eee Sela 
elie \biew © ata aia: of afclenee S00 mm Ob eamee 
ee ee ee ee oll 
ee eee 
sesh cliapiehamaheals cn takeooeraanta 






























bod 


in one ievel of C ., if these experimentel diffieulties can 
be overcome, it is possible thet (a,a!') engvlsr dietributions 
eam yield valueble information about the properties of a 
number of nuclei in which the quantum numbers of the energy 
levels are as yet unndeternined, 

In the two cases investigeted, it wat seen thot the excel 
tation of levels crohibited by the fsotoric spin selection 
rule oceurred with 4 probebility of less than sbout 5 percent 
that of the sllowed levels. These experimental results lend 
support te the statement that isotople spin is conserved in 
direet intersetions (L3), 

The diffreaetion phenomene, oceurring in the angular dige 
tributions of elastically seattered alpha particles, are suge 
gestive cf the use of an uptical model in the deseription of 
@lastic nuclesr events. The lerge (a,p) and (a,d) cross me- 
tions observed in this experiment can de interpreted ag ree 
guiring the use of e large ebsorption coefficient in the 
complex scattering rotentizl employed in the optics] modcd, 
Both statements are compatible with the resulte of others 
(B6, BLS, Pl, &4, W&). The slestic angular distributions ean 
be interpreted in terms of a model consistent with the one 
employed im Gescribing the inelastic seattering dets, slthough 
this evidenee is insufficient to verify the velidity of the 


model. The results of this experiment support the inereasing 
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evidence thet the @lastic sesttering cf tlphs pertacies cen 
be descrited in terms of en optical model in shich the 


imaginsry potentiel is extensive and rether intense. 


{3 


The conclusions which cen be drawn from the deta obtained 
in this experiment ere summerized as follows: 

1. The inelastic alphaeparticle seattering proceeds 
primerily by @ direct surface interaction process, with the 
possibility of seme smell contributions frem compound nucleus 
formation or electric excitation, 

f. It is sossible to obtain useful informetion about the 
properties cf the energy levels of nuclel from a stucy of the 
(a,a") enguler distributions. 


Je Isotopic spin is conserved in these interactiona. 


4. The (p,p') and (a,2%) reactions proceed by completely 
different processes, 

5S The @lastic alpha-perticle scattering exon be inter- 
preted in terms of a potential squsre well seattering center 
or in terms of an optice] model and a complex scattering 


potential. 
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THE CONTER-OF-HATE COVUSCIBAT? SYST OM 


experimental date must be converted frum the laboratory 
to the particle or center-of-mass frame of reference for 
comparison vith theoretical angular distribution precietions, 
The form cf the corrections to be eprlied to the experimental 
data is summerived by Sehiff (63) & cumplletion of thea 
corrections, suitable for interpoletion, has been preps red 
(M5) and a nomogrez, suiteble for rough but repid conversion, 
has been sublished (F7). To eliminate an additions] source 
of error in the results of the present experizant, conversion 
to the particle coordinsts syatem ves accomplished using 
eorrection curves pletted from the exact formulsze. the fole 
lowing symbols are uged in this appendix, where the required 
corrections ere derived from elementary orinciples: 

M, mass of bombarding particle 

Ho MAES of terget nucleus 

Mm, Miees of observed particle 


my mass of resicual nucleus 
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the velocities of My, coe By wmeacured in the 
lsboratory frame of reference 

velocity of the center of méss measured in the 
Llaboretory coordinate system 

the velocities of My, ese M, messured in the center~ 
of-mees system 

the reaction « value as calculates from the mess 
tables and expressed in Mev 

the totel initiel kinetic energy messured in the 
Leboratory | 

the totel initial kinetic energy of the systen 
measured in the center of mess 

the laboratory engle of observation of particle iis 
the center-ofemcss engle corresscnding to the 
Laboretory angle ws 

the unit solid angle measured in the laboratory 
coordinates 

the unit selid angle measured in the center-of~ 
MESS coorcinetes 

defined by ecuation @) 

defined by equation (17) 
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In the lsboretory the bomberding perticle cf mone iy 
moving vith velocity Vy eoliices with a target nucleus ef 
MESS Big at rest. The center of mags of the two perticles 
moves with eae velocity Vv, 8° that the linear momentum of the 


pstec is m,V, = (fi, + & THEPe To 
systex is m,V) (iy tin) Vago nererore 


ie 
c L | 
Pe + »_, 
i a 
in the center of mass, prior to the collision the velocity 
of my £3 
(vy vd v,(1 a) 


Since Ee is initially at rest in the laboretory system, the 


eenter-of-mess velocity of Bie, is simply 


3 = wa 
Ve Vo 


ine center of mass 18, py definition, stetionary in the 
center-of-mass freme of reference. Therefore, in the center- 
ofemags coorcinates, the total linear momentum is gero,. after 


tie collision, this reyuires thet 
| —2 
a,V, = Va or Va ~ wy. 


where A, ard V3 refer to the seettered or observed particle 


and M, and V4 refer to the resicusal perticle. - 
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BP ae Co * y + & al ee f 
From energy comservation cunsiceration 


¢ 2, & 
enV, , bn... = i 


iS 
Xa 
are 
& 


which reduces to 


— a de. ¥.* - 
eo at Gy + iy 7 3%3 Gl + my’ 5 


lio wever 
bevy = =e 
» LL ‘oy + Me. m + £..° , 
l i 1 & 


the total initial center-of-mass kinstic energy of the syste, 
therefore 
£ B+ 


V5 ~  ( my | "4 


+ 
ms 
In Fig. 30 the uniform motion %, of the center of mess 





in the laboratory system is superimposed on the angular ond 
velocity relations in the center-of-miss coordinate system. 


It is seen thet leboratory velocities can be optsined by 


vectorially adding Ve to the canter of mass 
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6,7 Laboratory Scattering Angle 
© =Center of Mass Scatt. Angle V3 


Figure 30 


Applying the law of sines to Fig. 30 


sin 0, sin (9 - @.) 
V3 v, 


or 


< 


a alt de 
sin (8 - 8.) sin 0, 


We 






Vo 


(3) 


Considering only nonrelativistic interactions, where 


Q= (m, +m, ~ mM, - 4) 4s smell compared with the rest 


energy my, of any of the particies involved, it is assumed 


that my + Mo ~ Mm, + my. substituting Ve from equation (1) 


end V, from equation (2) 
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1/t 
v iy Tt. = 
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3 Me Ti p+ ‘ 





and ecustion (7) reduces to the useful form 


sin (@ - @) = 7 sin ® (5) 


ur 


in the case of scattering, M, = mM, oni My = Mp, £6 that 
Be &.. 


4 1/z 
yj; 


By use of the trigonometric identity for the cifference of 
two angles, ecuation (5) reduces to 


) Y + cos s 
Whieh is identieal with ecuetion 18.4 of tehiff (£3) end ean 


be conveniently represented as shown in Fig. Sl. 


sin 8 
Go 
¥+cos © 


Figure 3! 

Seuation (5) ean then be plotted for ese value of ¥ 
determined by the energy levels of the terget nucleus as 
dilustratec in Fig. 3°. The conversion from leboratory to 
center-of-mess angle can be obtained direetly from the curve 


with an eeccursey of better than +0.75 degree. 
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(8-8,) Degrees 
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(9 -8,) as a function of ©, for 

; LiS(a,a)Li€ Q=O Li€(a,a)Li®” Q=-2.19 Mev 
and Li€(a,a’)Li€” Q+-4.52Mev 

8 = Center of Mass Angle 

Q@,= Loboratory Angle 
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it a forware engle of observation, the finite counter 
Aperture subtends ao Lerger solid engle in the canter-of-me ss 
coordinates than in the laboratory system. This effect is 
ost important in reactions involving Llght nuclei since it 
is due entirely to the velocity of the center of meas in 
the Llauburatory frame of reference. The réalation bete-oen 
the differential cross section in the two reference fromes 
ean be obtained directly from Ite definiticn. 

In the leboratory system, the differential sullc angle is 


@W «= f9 sin #5 Che 


since @ is common to both reference frames. In the cuntere 
ofemiss syaten 

d() = fr sin @ de 
therefore 

oe : Sin = div (n) 

@ sin & de 
From Fig. 31 

cot», # ¥ csc & + cot « (#) 

eng by differentiation of ecustion (%) 


Cw, sin® to 
> a + ¥ coe w) (3) 


£2%1 
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Figure 33 can be obtained directly from equation (&): 


sin © 





¥+ cos © 


Figure 33 
and Fig. 34.is obtained directly from equation (5): 





$sin © 
l+¥ cos © 
Figure 34 
Substituting equation (9) into equation (7) 
sin? 9 
dw . ——go (i + ¥ cos @) (10) 
af) sin” @ 


It is necessary to obtain the value of (6 - 0) in 
converting from laboratory to center-of-mass angle. 
Equetion (10) is easily expressed in terms of (6 - 6) by 
use of the following relation obtained from Fig. 33: 





2} deltmoaus woed 5 lforcil wadiades of seo EF Bangs 





sin ¥, = eee: (21) 
Vi * oy coe e+ ¥* 


tion of ewuntion (11) inte goustion (18) yields 


& 
sin” 
GO se yoo (@ - a5) = ale) (18) 
d{) = gin* @ 


The intensity in the center-of-mass systen ie fourvl by 


multiplying the messured intensity by the feetor ¢ whien 


for e given resction depends on y end 9. A plot of gle)» 
| | 8 
computed for three levels of excitation cf the Li”? nucleus, 


is lllustrated in Fig. 35. 
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Center of Mass Intensity Correction for 
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